The supermassive black hole candidates at the center of every normal galaxy might be wormholes created in the early Universe and connecting either two different regions of our Universe or two different universes in a Multiverse model. Indeed, the origin of these supermassive objects is not well understood, topological non-trivial structures like wormholes are allowed both in general relativity and in alternative theories of gravity, and current observations cannot rule out such a possibility. In a few years, the VLTI instrument GRAVITY will have the capability to image blobs of plasma orbiting near the innermost stable circular orbit of SgrA * , the supermassive black hole candidate in the Milky Way. The secondary image of a hot spot orbiting around a wormhole is substantially different from that of a hot spot around a black hole, because the photon capture sphere of the wormhole is much smaller. The radius of the photon capture sphere is independent of the hot spot model, and therefore its possible detection, which is observationally challenging but not out of reach, can unambiguously test if the center of our Galaxy harbors a wormhole rather than a black hole.
I. INTRODUCTION
The Einstein equations are local equations relating the geometry of the spacetime to its matter content. There is no information about the spacetime topology. Even if it is far from our common sense, we cannot exclude that our Universe has a non-trivial topology or that it contains topologically non-trivial structures. In this spirit, there is a rich literature on wormholes (WHs); that is, short-cuts connecting two different regions of our Universe or two different universes in Multiverse theories [1] . WH spacetimes are allowed even in alternative theories of gravity. Since it is required a change of topology, WHs may not be created in the Universe today, but a number of mechanisms may have worked in the early Universe [2] . Primordial WHs may have survived till today and live somewhere in the Universe. In particular, they have been proposed as candidates for the supermassive objects that are seen at the center of every normal galaxy [3] . These objects are usually supposed to be Kerr black holes (BHs) with masses M ∼ 10 5 − 10 9 M , but their actual nature is not known.
In the case of the center of our Galaxy, the central supermassive object has a mass M ≈ 4 · 10 6 M [4] . An upper bound on its radius can be inferred from the closest distance approached by the orbiting stars. Current data put this bound at about 45 AU, which corresponds to ∼ 600 Schwarzschild radii [5] . Such estimates of the mass and radius can exclude the possibility that the central object is actually a cluster of neutron stars, because the cluster lifetime would only be ∼ 10 5 yrs, which is much shorter than the age of this system [5, 6] . The nonobservations of thermal radiation emitted by the possible surface of this object may also be interpreted as an indication for the presence of an event/apparent horizon [7] . * Corresponding author: bambi@fudan.edu.cn This body of evidence strongly supports the conclusion that the supermassive object at the center of the Galaxy is a supermassive BH. Such a conclusion is naturally extended to all the supermassive objects in galactic nuclei. However, there is no real indication that the spacetime geometry around these bodies is described by the Kerr solution [8] (for a review, see e.g. [9] ). There are also open questions about their formation and growth. Any competitive model must be able to explain how they were able to become so heavy in a very short time, as we know of BH candidates with mass M ∼ 10 9 M at redshift z > ∼ 6, i.e. just about 100 million years after the Big Bang [10] . While there are potentially many possibilities, we do not know which one is correct [11] . Scenarios in which the seeds of these supermassive objects are a relic of the very early Universe are also possible [12] , and in this context there is room for WHs too [2] .
While of exotic nature, at least some kinds of primordial WHs can be viable candidates to explain the supermassive objects at the centers of galaxies. These objects have no solid surface, and therefore they may mimic the presence of an event horizon. They would have been produced in the early Universe and grown during inflation, which could explain their presence even at very high redshift. They have a positive effective mass, and therefore a WH can swallow material from an accretion disk, and two WHs can merge when their host galaxies merge. All these processes make the effective mass of the WH increase, as the new material is trapped in the WH throat and, even if the latter is long, there is no or small spread of the gravitational strength lines. WHs can behave in the same way as BHs, even if the physics inside the WH throat can be very different from that inside the BH event horizon. For these reasons, WHs can be as good as BHs to explain the observed correlations between the supermassive BH candidates and the host galaxies [13] . Another important issue is the formation of relativistic jets, which are commonly observed from BH candidates. At present,
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we do not know the actual mechanism responsible for the formation of these jets, and there are several models in the literature. If the jets are powered by the rotational energy of the compact object, the Blandford-Znajek process [14] , the WHs discussed in this paper cannot have a jet, as they are non-rotating. Fast-rotating WHs seem to be already ruled out by current observations [15] . However, all the other mechanisms in which jets are powered by the rotational energy of the disk or by the mass accretion rate (see e.g. [16] ) can perfectly work around a WH without any modification. Current observations cannot yet provide an answer, and the topic is very controversial [17] .
On the basis of these considerations, it seems that WHs can be serious candidates to explain the supermassive objects in galactic nuclei. It is therefore a natural question to wonder whether astrophysical observations can distinguish Kerr BHs and WHs and thus test the WH scenario. Despite the clear difference between BHs and WHs, current observations cannot rule out the possibility that the supermassive objects in galactic nuclei are WHs instead of BHs. In Ref. [15] , one of us considered a particular family of traversable WHs and studied the possibility of distinguishing BHs and WHs from the analysis of the iron Kα line. The latter is a very narrow emission line at about 6.4 keV, but the one observed in the spectra of supermassive BH candidates is broad and skewed, as a result of special and general relativistic effects. In Ref. [15] , it was found that the iron line profile produced in the accretion disk of a non-rotating WH looks like the one emitted from a disk around a Kerr BH with spin parameter a * ≈ 0.8. More in general, WHs with spin parameter a * < ∼ 0.02 may be interpreted as Kerr BHs with a spin parameter in the range a * ≈ 0.8 − 1.0, while WHs with spin parameter larger than 0.02 have substantially different iron lines and can be ruled out because they are inconsistent with observations. The constraints found in Ref. [15] and the fact that accretion and merger processes should spin the WH up may have two possible explanations: i) rotating WHs are unstable and therefore, even if a WH gets angular momentum, the latter is quickly lost, for instance via the emission of gravitational waves, or ii) fast-rotating WHs different from the ones considered in Ref. [15] are consistent with current observations; unlike Kerr BHs in general relativity, here there is no uniqueness theorem, so the conclusions of Ref. [15] cannot be definitive.
The possibility of observationally testing the idea that the supermassive objects in galactic nuclei are WHs was further discussed in Ref. [18] , where it was pointed out that it would be relatively easy to figure out if SgrA * is a WH or a BH from the observation of its "shadow". The latter is a dark area over a brighter background seen by a distant observer if the compact object is surrounded by optically thin emitting material and corresponds to the apparent photon capture sphere [19] . While the exact shape and size of the shadow of Kerr and non-Kerr BHs is extremely similar [20] , and at present it is not completely clear if its future detection can constrain possible deviations from the Kerr solution, the shadow of a WH is much smaller than that of a BH, and it is therefore distinguishable even without an accurate detection and with all the systematic effects that significantly tangle the job [18] .
In the present paper, we further extend the study of Refs. [15, 18] and we investigate the possibility of testing if SgrA * is a WH by observing a hot blob of plasma orbiting near the innermost stable circular orbit (ISCO). Within a few years, NIR observations with GRAVITY will have the capability to directly image hot spots orbiting near the ISCO of SgrA * [21, 22] , and open a new window to test the actual nature of this object. These data are supposed to come out before the first detection of the shadow. Because of the dramatically different sizes of the photon capture spheres of WHs and BHs, we find that the possible detection of the secondary image of a hot spot orbiting close to the compact object can unambiguously test the possibility that SgrA * is a WH rather than a BH. That will require very good data with a high signal-to-noise ratio, but it is not out of reach. Specific differences may also be present in the hot spot light curve and in the hot spot centroid track, but their features are more model-dependent: our hot spot model is too simple to conclude that their observation in real data can distinguish a WH from a BH, and further investigation based on more sophisticated and realistic models would be necessary. With the current results, it seems more likely that light curves and hot spot centroid tracks cannot test the WH scenarios.
II. HOT SPOT MODEL

SgrA
* exhibits powerful flares in the X-ray, NIR, and sub-mm bands [23] . During a flare, the flux increases by up to a factor of 10. A flare typically lasts 1-3 hours and the rate is a few events per day. These flares seem to show a quasi-periodic substructure on a time scale ranging from 13 to about 30 minutes. Several mechanisms have been proposed, such as the heating of electrons in a jet [24] , Rossby wave instability in the disk [25] , the adiabatic expansion of a blob of plasma [26] , and blobs of plasma orbiting at the ISCO of SgrA * [27] . At least some authors have claimed that current observations favor the model of the hot spot near the ISCO [28] . Such a scenario is also supported by some general relativistic magnetohydrodynamic simulations of accretion flows onto BHs that show that temporary clumps of matter may be common in the region near the ISCO [29] . Within a few years, the GRAVITY instrument for the ESO Very Large Telescope Interferometer (VLTI) will have the capability to image blobs of plasma orbiting around SgrA * with an angular resolution of about 10 µas and a time resolution of about 1 minute [21, 22] , and it will thus be possible to test the hot spot model.
For a Kerr BH with a mass M = 4 · 10 6 M , the ISCO period ranges from about 30 minutes (a * = 0) to 4 minutes (a * = 1 and corotating orbit). The observed period of the quasi-periodic substructure of the flares of SgrA * ranges from 13 to about 30 minutes. If the hot spot model is correct, this means that the radius of the orbit of the hot spot may vary and be larger than that of the ISCO. The shortest period ever measured is 13 ± 2 minutes. If we assume that the latter corresponds to the ISCO period, or at least that it is very close to it, one finds a * = 0.70 ± 0.11 for M = 3.6 · 10 6 M [28] . In Ref. [30] , the authors claimed the presence of a quasiperiodic substructure with a period of 5 minutes, which was interpreted as an indication that SgrA * is rotating very fast, with a spin parameter close to 1. However, the analysis of the same data sets in [31] did not find such a short period substructure.
In the present work, we will consider the simplest hot spot model; that is, a single region of isotropic and monochromatic emission following a geodesic trajectory. Located on the equatorial plane, this hot spot is modeled as an optically thick emitting disk of finite radius. The local specific intensity of the radiation is chosen to have a Gaussian distribution in the local Cartesian space
where ν em is the photon frequency measured in the restframe of the emitter, while ν is the emission frequency of this monochromatic source. The spatial position 3-vector x is given in pseudo-Cartesian coordinates. Outside a distance of 4R spot from the guiding geodesic trajectorỹ x spot , there is no emission. Plausible values are R spot = 0.1 − 1.0M , but it depends on the orbital radius, and it is important to check that no point of the hot spot exceeds the speed of light. The specific intensity of the radiation measured by the distant observer is given by
where g is the redshift factor 
and therefore,
where λ = k φ /k t is a constant of the motion along the photon path. Doppler boosting and gravitational redshift are entirely encoded in the redshift factor g. The effect of light bending is included by the raytracing calculation. The observer's sky is divided into a number of small elements, and the ray-tracing procedure provides the observed time-dependent flux density from each element. By integrating the observed specific intensity over the solid angle subtended by the image of the hot spot on the observer's sky, we obtain the observed flux F (ν obs , t obs ) = I obs (ν obs , t obs ) dΩ obs = = g 3 I em (ν em , t obs ) dΩ obs .
If we integrate over the frequency range of the radiation, we get the observed luminosity, or light curve, of the hot spot
A more detailed description of the calculation procedure can be found, for instance, in Ref. [32] . In the present paper, we normalize the light curves by dividing the observed luminosity L(t obs ) by the corresponding maximum, since only the shape of the light curve can be used to determine the parameters of the model. Such a timedependent emission signal can be added to a background intensity coming from the inner region of the steady state accretion disk. By definition, the hot spot will have a higher density and/or higher temperature, and thus a higher emissivity, than the background accretion disk, adding a small modulation to the total flux.
III. TESTING THE WORMHOLE SCENARIO
In the calculations of the electromagnetic radiation emitted by a hot spot, the spacetime metric determines the exact photon propagation from the hot spot to the distant observer, the redshift factor g in Eq. (5), and the value of the ISCO radius. There are many kinds of WHs proposed in the literature, but not all are viable supermassive BH candidates. For instance, some WHs have vanishing or negative effective gravitational mass. In the present work, we adopt the same asymptotically-flat nonrotating traversable WH solution discussed in [15, 18] , whose line element reads [33] 
where Φ(r) and b(r) are, respectively, the redshift and the shape functions. A common choice is Φ(r) = −r 0 /r, where r 0 is the WH throat radius and sets the scales of the system. r 0 is interpreted as the mass of the object in the Newtonian limit and in what follows it will be indicated with M , just to use the same notation in the WH and BH cases. The shape function can be assumed to be of the form
where γ is a constant. In this paper, we consider the case γ = 1, but the observational signature that distinguishes WHs and BHs is independent of the value of γ. Let us now compare the features of the electromagnetic radiation emitted by a blob of plasma orbiting around a WH and a BH. Since the hot spot orbital frequency is the simplest parameter to measure, we want to compare the following three cases:
1. A hot spot orbiting the traversable WH in Eq. (8) at some radius r WH . We indicate its angular frequency with Ω WH .
2. A hot spot orbiting at the ISCO radius of a Kerr BH with spin parameter such that its Keplerian orbital frequency is Ω ISCO = Ω WH .
3. A hot spot orbiting a Kerr BH with spin parameter a * = 0.99 at the equatorial circular orbit with radius r BH , whose Keplerian orbital frequency is Ω BH = Ω ISCO = Ω WH . Fig. 1 shows the light curves (total and primary image light curves, respectively with blue-solid and red-dashed lines) of hot spots orbiting a WH (top panels), a Kerr BH at the ISCO radius (central panels), and a Kerr BH with spin parameter a * = 0.99 (bottom panels). The left panels correspond to hot spots with an angular frequency equal to that of a hot spot around a WH at the ISCO radius, r WH = 2 M . The right panels correspond instead to hot spots with an angular frequency equal to that of a hot spot around a WH at the radius r WH = 3 M . One should thus compare the light curves in the same column. The top panels are for the WH case with r WH = 2 M (left panel) and 3 M (right panel). The central panels show the light curves of a hot spot at the ISCO of a Kerr BH, whose spin parameter is a * = 0.883911 (left panel) and 0.673917 (right panel). In the bottom panels, there are the hot spot light curves around a Kerr BH with a * = 0.99: the hot spot orbital radius is respectively r BH = 2.3807 M (left panel) and 3.3973 M (right panel).
The most important difference between the WH and BH cases is that in the BH light curves there is a small bump marking the maximum intensity of the secondary image light curve, which is instead absent in the WH light curve. The effect is more pronounced when the hot spot is closer to the compact object and tends to disappear as the hot spot radius/frequency increases. While such a feature in the hot spot light curve could potentially represent an observational signature to distinguish WHs and BHs, the actual properties of the bump due to the secondary image depend on the hot spot model (hot spot size, emissivity function, etc.). In Fig. 1 , we have considered a single hot spot disk with radius R spot = 0.15 M and isotropic and monochromatic emission. The strong gravitational force near the compact object typically tends to destroy the hot spot, which is smeared along its orbit with the result to make the peaks of the images less well defined. Moreover, the substantial background may hide the small bump due to the secondary image in the BH light curves. While a final answer would require a more detailed discussion based on a more realistic model, from these results it seems unlikely that the observation of the light curve of a hot spot can be used to distinguish BHs and WHs, even considering that real data are usually noisy and incomplete.
NIR observations may soon be able to directly image hot spots around SgrA * . For instance, the VLTI instrument GRAVITY is supposed to be operative within a few years and be able of astrometric measurements with an angular accuracy of about 10 µarcsec and a time resolution around 1 minute. Such a values have to be compared with the apparent gravitational radius of SgrA * , M , which is about 5 µarcsec for an object with a mass of 4 million Solar masses and a distance of 8 kpc from us, and with the hot spot orbital period, for which current data point out a time scale in the range 13 to 30 minutes (presumably due to the different orbital radius in different observations). Snapshots of the direct image of hot spots orbiting WHs and BHs are shown in Figs. 2 and 3. Every figure compares the three situations mentioned above, where the images of the hot spot around a WH are in the left column, the ones of a hot spot around a Kerr BH at the ISCO radius are in the central column, while the right column is for the images of a hot spot around a Kerr BH with spin parameter a * = 0.99. Fig. 2 shows the cases in which the hot spot orbiting around the WH has orbital radius r WH = 2 M , while Fig. 3 is for the WH hot spot with orbital radius r WH = 3 M . We have thus the two scenarios already discussed in Fig. 1 , and therefore the BH parameters are the same.
In all these snapshots, the secondary image is dimmer (in some snapshots almost absent) and smeared along/near the apparent photon capture radius. The apparent photon capture radius, i.e. the one seen by a distant observer, was computed in Ref. [18] in the case of the WH in Eq. (8) and it turns out to be about 2.718 M . The angular size of the WH on the sky would be about 30 µarcsec for SgrA * . In the case of a Kerr BH, the apparent photon capture radius is about twice that, with a small dependence on the BH spin and observer's inclination angle. For SgrA * , it would be around 50 µarcsec. In particular, the top panels in Figs. 2 and 3 clearly show the difference between the hot spot secondary images in the cases of WHs and BHs. The primary images are fairly similar, while the secondary images are smeared along the apparent photon sphere, which is much smaller in the WH case. Let us also notice that such a prediction does not depend on the hot spot model (hot spot size, spectrum, observer's viewing angle, etc.), but only on the spacetime metric around the compact object. While observationally challenging, the detection of the hot spot • and the hot spot size is Rspot = 0.15 M . Central panels: as in the top panels for a hot spot orbiting the ISCO of a Kerr BH with spin parameter a * = 0.883911 (left panel) and a * = 0.673917 (right panel); the value of the spin has been chosen to have an orbital frequency equal, respectively, to that of a hot spot orbiting a WH at the ISCO and at the radius rWH = 3 M . Bottom panels: as in the top and central panels for a hot spot orbiting a Kerr BH with spin parameter a * = 0.99 at the radius with the same Keplerian orbital frequency as that of a hot spot orbiting a WH at the ISCO (left panel) and at the radius rWH = 3 M (right panel). See the text for more details.
FIG. 2.
Left panels: snapshots of a hot spot orbiting a WH at the ISCO. Central panels: snapshots of a hot spot orbiting a Kerr BH with spin parameter a * = 0.883911 at the ISCO; the value of the spin parameter has been chosen to have the same orbital frequency as that of the hot spot orbiting the ISCO of the WH. Right panel: snapshots of a hot spot orbiting a Kerr BH with spin parameter a * = 0.99 at the radius with Keplerian orbital frequency equal to the frequency of the hot spots of the other two cases. The time interval between two adjacent panels in the same column is T /4, where T is the hot spot orbital period. In all these simulations, the inclination angle of the hot spot orbital plane with respect to the line of sight of the observer is i = 60
• and the hot spot radius is Rspot = 0.15 M . See the text for more details. Fig. 2 for a hot spot orbiting a WH at the radius rWH = 3 M (left panels), a Kerr BH with spin parameter a * = 0.673917 at the ISCO (central panels; the value of the spin parameter has been chosen to have the same hot spot orbital period as the one around the WH), and a Kerr BH with spin parameter a * = 0.99 and at the radius with Keplerian orbital period equal to that of the other two cases (right panels). See the text for more details. secondary image and the estimate of the apparent photon capture radius are not out of reach in the near future and they seem to be the observational signature to distinguish WHs and BHs. Let us also note that the apparent photon capture radius depends only on the redshift function Φ(r), while it is independent of the shape function b(r) [18] . Lastly, we have computed the hot spot centroid tracks. Fig. 4 shows 4 examples with different hot spot orbital periods. The left panels show the two cases discussed in Figs. 1-3 , in which the hot spot around the WH has the orbital radius r WH = 2 M (top left panel in Fig. 4 ) and r WH = 3 M (bottom left panel in Fig. 4 ). In the top right panel in Fig. 4 , the hot spot around the WH has the orbital radius r WH = 2.5 M , while in the bottom right panel the orbital radius is r WH = 4 M . In Fig. 4 , the hot spot size is R spot = 0.15 M and the observer's viewing angle is still i = 60
FIG. 3. As in
• . While one may be tempted to argue that the centroid tracks of WHs and BHs present different features, and therefore that its detection can distinguish WHs and BHs, as discussed in Ref. [27] the exact hot spot model is quite important. Since we are considering here a very simple model, it is not possible to figure out if the detection of the centroid track can be used to distinguish WHs and BHs. From the simple model considered here, the difference between WHs and BHs does not seem to be so clear and easy to identify.
IV. SUMMARY AND CONCLUSIONS
WHs are topologically non-trivial structures connecting either two different regions of our Universe or two different universes in a Multiverse model. While of exotic nature, they are allowed in general relativity and in alternative theories of gravity and they are viable candidates to explain the supermassive objects harbored at the center of every normal galaxy. In the present paper, we have extended the studies of Refs. [15, 18] and we have further investigated if observations can test the possibility that the supermassive BH candidates in galactic nuclei are instead WHs. We have focused our attention on the specific case of the metric in Eq. (8) , which describes an asymptotically-flat non-rotating traversable WH. In Ref. [15] , it was found that such a WH would be consistent with current observations of the iron Kα line detected in the X-ray spectrum of supermassive BH candidates. In Ref. [18] , it was pointed out that the observation of the shadow of SgrA * , the supermassive BH candidate at the center of the Milky Way, could easily test the possibility that this object is actually a WH rather than a BH, because the size of the shadow, which corresponds to the apparent photon capture sphere, is much smaller in the WH case than in the BH one.
In this paper, we have discussed the possibility of testing the presence of a WH at the center of our Galaxy by observing a hot blob of plasma orbiting near the ISCO of SgrA * . Such a kind of observations are expected to be possible soon in the NIR, before the first detection of the shadow of SgrA * , thanks to the advent of the VLTI instrument GRAVITY. We have found that the features of the hot spot secondary image are substantially different between a WH and a BH and they probably represent the key-point to distinguish the two scenarios. If the hot spot is close to the compact object, even if it is not necessarily at the ISCO radius, the secondary image shows up around the apparent photon capture sphere, which is significantly different in the two spacetimes. The size of the WH photon capture radius projected on the observer sky is indeed about half the BH one and in the case of SgrA * they correspond, respectively, to about 30 and 50 µarcsec. The detection of the direct image of the secondary image of a hot spot could thus test if SgrA * is a WH rather than a BH. Such a prediction is very general, in the sense that it does not depend on the hot spot model and on the inclination angle of the hot spot orbital plane with respect to the line of sight of the observer. The apparent photon capture radius only depends on the spacetime geometry close to the compact object. Specific features of the secondary image are also encoded in the hot spot light curve and in its centroid track. However, these features do depend on the hot spot model and within our simple set-up it is not possible to figure out if future observations of light curves and centroid tracks can distinguish WHs and BHs.
A small apparent radius of the photon capture sphere, which is here the true observational signature to distinguish WHs from BHs, can be found even in other contexts. Generally speaking, a similar property can be expected in the case of naked singularities, which have also been considered as possible candidates to explain the supermassive objects at the centers of galaxies. The absence of an event horizon is an indication of the fact that the gravitational field around them is weaker than the one around a BH and, at least in some cases studied in the literature, the the photon capture sphere of these objects is indeed very small [34] . However, these spacetime may be unstable. This is, for example, the case of the Kerr spacetime with a > M : the existence of an ergoregion and the absence of event horizons make the spacetime very unstable and therefore these objects cannot be considered as serious candidates [35] .
Lastly, one may wonder whether the recently announced cloud close to SgrA * and supposed to be soon swallowed by the central supermassive objects may be a unique opportunity to test the actual nature of SgrA * [36] and the possible observational predictions in the case of a BH and of a WH. Actually, it seems now that the accretion process onto the central object will be much slower than what it was initially supposed (just because the gas takes time to lose energy and angular momentum) and therefore it is now thought that there will be no violent event, and the time scale will be so long that the difference in the accretion rate onto SgrA* will probably be irrelevant. 
ACKNOWLEDGMENTS
